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3.8 
A DIAGNOSTIC 
TOOLKIT FOR 
MULTI-DIMENSIONAL 
TESTING OF BUILT 
INTERNAL 
ENVIRONMENTS 
How can the physical parameters of existing buildings be 
measured? 
Mark B. Luther 
INTRODUCTION 
One of the key def icienc ies in the enti re bui lding procurement process 1s the 
lack of feedback to guide future improvements. In bi ocl imati c architecture it 
is essentia l to track w eather behaviour as well as inte ri or resul ts as the 
weather 1s a significant driver of building pe rformance. Effectively, continu-
ous monito ring , with proactive and react ive re sponsive bu ild ing awareness, 
is needed 
In an effo rt to better unders tand the actual performance of buildings 
the M obi le Archi tecture and Bui lt Envi ronment Laboratory (M ABEL) w as 
conceived an d constructed. The methodology is to measure and eva luate on-
site indoor environmental buil di ng performance in a ri gorous man ner. In its 
six years of ope ra tion, MABEL has performed the measurement of over 35 
buil dings including schools, offices, hospita ls, sports centres and houses. 
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MABEL is based on the capabil ity of measurable parameters and 
their analysis from advanced state-of-the-art equipment. It relates to that 
which is physically and reasonab ly possible to be measured on site (non-
laboratory) and in compliance with standards or best practices. It is in contrast 
with controlled environment (closed) experiments. 
The greatest challenge in the development of an on-site building 
environmental performance programme is to recognise parameters that can 
be measured directly through instrumentation, that can be calculated from 
resul ts, and that can be combined in recognised relationships to report usable 
and useful information as well as advancing our knowledge of overal l building 
performance (Luther, 2009). In an attempt to meet some of these challenges 
of measurement, the MABEL programme has identified severa l environ-
mental parameters and their deliverables. 
The ISO 7730 thermal comfort model applied here 1s often referred 
to as the ' Fa nger' model after its originator, Dr Ole Fanger. The ca lculation 
assesses how comfortable people wou ld be at a given period in t ime at a 
specific location in the building. This results in the Predicted Percentage 
Dissatisfi ed (PPD) in accordance with the ISO 7730 standa rd. This comfort 
model considers the activity level (metabolic rate = MET) and the clothing 
level (CLO) of the occupant. Comparisons to this model are made with the 
new 'adaptive comfort' models (de Dear and Brager, 1998) which support the 
pri nciples of biocl imatic architecture. 
The comfort cart instrumentation has been designed according to 
the ASHRAE Standard (American Society of Heating, Refrigerating and Air-
Conditioning Engineers). The ca rts measure the dry-bulb (DB) temperature, 
the globe tempe ratu re {Tg) and the air velocity at 0. 1 m, 0.6m and 1.1 m 
heights. An add itional relative humidity sensor is also included at a central 
location on the cart. More recently the carts have been developed into an 
ADPI (air diffu sion performance index) ASHRAE-113 standa rd fo r determining 
draughtiness. Instrumentation includes a 1.7m velocity probe and additional 
temperature sensor (Table 3.8.1 ). 
A BIOCLIMATIC PROCESSING OF MEASUREMENT RESULTS 
Because interior building performance is affected by the external weather 
conditions, interior results for a part icular project are only meaningful in the 
context of on-site collected weather data. A set-up of the instrumentation is 
pictured in Figure 3.8.1 . Fifteen-minute averages of wind speed, wind direc-
tion, solar radiation (direct and diffuse), globa l illuminance, air temperature, 
pressure and humidity are sampled and recorded throughout the measure-
ment period. 
Such weather data is displayed on a chart on which is also shown a 
model of neut ra l temperature (as outlined by Szokolay, 2004) with its 90 per 
cent (central horizonta l shaded) and 80 per cent (externa l horizontal shaded) 
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Table 3.8. 1 Measured parameters for indoor environmenta l qua lity performance 
Parameter 
Power 
Energy use 
System defects: equ ipment eff iciency 
Flow rates 1n pipes and ducts 
Bu ilding envelope analys is 
Lighting 
Backgrou nd illum111a11ce 
Task light ing il luminance 
Correlated co lour temperature (CCT) 
Work place brightness/cont rast 
Daylight autonomy 
Comfort 
Weather. solar and li ght (extern al 
on site data) 
Therma l comfort leve ls 
Surface tempe ratures and radiant 
asymmetry 
Drafts in air dist ribut ion 
Air temperatu re strati f ica t ion 
Ventilation & indoor air quality 
Air change rates 
Uniformity of supp ly ai r dist r·ibution 
Indoor air qual ity (C0 2. VOCS, 
dust particulate) 
Fume hood testing 
Air lea kage and build ing enve lope 
ana lysis 
Sound 
Backg round nrn se : interior 
Ba ckground noise: ingress 
Reverbera tion t ime 
Pa rti t ion sound t ransmission 
Sound 1nten s1ty; noi se sources 
Description and deliverables 
Excessive energy use, period of operation, AGB R 
comp liance . Energy monitoring 
Diag nost ic fault finding in HVAC con tro l systems. 
equ ipmen t scheduling, and opera t ional periods 
M easurement of flow ra tes and tempera ture (energy) in 
chilled /hot water HVAC systems 
Measurement of fayade heat transfe r and therma l imaging 
to r diagnost ic and visua l ana lys is 
Natural and artif icial light level s at the workplace 
Workstation light levels from observer to screen and 
screen to observer: tota l of six lux measurement poi nts 
Investigated light sou rces and ranges of colour. Ligh t 
colour va riati on can have a psych ologi ca l infl uence on 
comfort 
The glare problem is quantif ied in accordance with 
international best practice, rega rd ing glare and discomfort 
Dayl ight facto rs or ra t ions indicate how much elect rical 
lighti ng is needed to supplement the natu ra l li ghting 
Determ ines the external cond ition s which inf luence the 
intern al measured pa rameters 
A 'comfort cart' is used to measu re (PMV/PPDI occupant 
comfo rt at the workplace 
Inf luence of mean rad iant temperature ba lance wi thin the 
space 
Draught index at a speci fic cross-sect ion w ith in a space. 
Air dist ribution performance index (ADPI ) 
The va riat ion of air temperatu re w ith heig ht w ith in the 
space 
Room venti lation rates (effective air cha nge): HVAC normal 
operation and HVAC off: air infiltration 
The trncer concentration is measured at a number of 
loca tion s to determ ine the balance of the air supply 
Diagnostic test ing of air quality levels over t ime and 
location within an environment 
The efficiency of capture of contaminants from laboratories 
Fan pr·essurisat ion test ing is used to quantify bui ld ing 
envelope leakage 
Background noise levels at each w ork place, freque nt ly 
dependent. Percentages of loudness over time 
Speech privacy vs. speech intelli gibility 
Acoust ic 'l ive li ness' (sustained sound) 111 a room 
Sound transmiss ion class (Rw) th rough part itions 
Identi ficat ion of sound leakage areas and sound sources 
245 
MARK B. LUTHER 
·- , 
Figure 3.8.1 Weather station together with solar tracker 
comfort bands. Results are produced from measured data and plotted 
accord ing to the adapt ive model of comfort according to de Dear and Bragger 
(1998), see Figure 3.8.2. 
These 'comfo rt bands', derived from external weather data, set the 
scene fo r indoor comfort when occupan ts clothe t hemselves appropriately 
and have the opportun ity to adjust and cont rol t heir environments to some 
degree (e .g. opening windows, t urning on celling fans, drawing shading, etc.). 
As discussed previously, alongside this information are the comfort carts, 
measuring the internal cond itions of t he space inclus ive of co2 levels (see 
Figure 3.8 .3) . 
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Figure 3.6.2 Weather data and comfort bands in Brisbane, March 2008 
Figure 3.8.3 Two thermal comfort 
carts designed ac co rding to 
ASHRAE by R. de Dea r 
,, 
l . 
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Measuring energy-efficient strategies 
The objective is to illustrate how a measurement facility can contribute to 
recogn ising the assets and liabilities of real in situ building performance. The 
idea is to highlight applications w here building measurement has provided 
evidence in improving our construction and design detailing, material use, as 
well as optimum control. 
A variable temperature set-point 
In Figure 3.8 .2, the exterior air conditions of relative humidity and dry-bulb 
conditions as well as wind speed and solar radiation are charted. The interior 
air temperature is plotted alongside these values. Note that a 'comfort band' 
is provided for the thermal range. For this case, several office buildings are 
measured locally during the course of the 10-day period. Figure 3.8.2 ind i-
cates that the interior temperature level is with in the comfort band. However, 
it is suggested here that the interior temperature set-point may be raised, in 
several of the measured premises, allowing fo r greater cooling energy 
savings. Note that for every 1°C change in set-point, an average energy 
sav ings between 8-12 per cent in cond itioning can be anticipated (Egan, 
201 O; Roussac et al., 2010). 
Economiser cycle and ventilation control 
In reference to Figure 3.8.3, it is recognised that quite often (mostly during 
non-occupied hours) the external temperature 1s less than the conditioning 
set-point or that the external air directly meets the interior air requirements. 
This indicates that there is an opportunity to condition or pre-condition the 
interior for the fo rthcoming day as well as remove excess heat from the 
building. It can also indicate that there is no reason for the mechanical chilling 
or heating plant to operate. In other words, the externa l air provides the 
condit ioning and the only concern is that this air is distributed throughout the 
building. Figure 3.8.4 shows plots of the quality of the external and internal 
air for a specific day in an office building at Brisbane Airport, Australia. The 
air quality, its humidity level and dry-bulb temperature are plotted on a 
psychrometric chart providing information on the energy treatment required 
to bring the external air to its desired conditioning. In this case, very little 
conditioning, if any, would be required since the external air temperature can 
provide the desired conditions. Conversations with experienced building 
control engineering companies in Australia state that 80 per cent or more of 
commercial buildings are not implementing an economiser cycle effectively. 
Building air leakage control 
In too many observed cases it 1s witnessed that our buildings are excessively 
leaky. This is to the point where the successful operation of the mechanical 
heating and ventilation equipment is severely affected from operating as 
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External and Internal Daily Air Conditions 
Brisbane Airport 6 Mar 2008 11 :45 - 7 Mar 14:00 
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Figure 3.8.4 Exterior and interior air conditions plotted on a psychrometric chart 
specified. Poor detai ling and a lack of attention to construction asse mbly are 
to bla me. Figure 3.8.5 provi des an exam ple of a before and after air leakage 
test ing resul t accord ing to the CI BSE TM-3 1 Standa rd (conducted by Ai r 
Barrier Tech nology, Au st ra li a). The resu lts of befo re and afte r are shown in 
Table 3.8.2. Consequently, the building ow ners were able to save on addi-
tiona l cooli ng equipment costs. Furthermore, the mechanical conditioning 
remained in operation during a 40°C+ w eek heatwave . All of this is due to 
the reduction of excessive infil t rati on and exfilt ration w ithin the building 
envelope. 
Table 3.8.2 Fan pressuri sat ion before and after tests 
Building area West Wing West Wing East Wing East Wing 
before after before after 
Building volume m 3 10394 10394 4269 4269 
Tes t results 
Flow @ 50Pa m 3/hr 86604 .00 46575 31672 19544 
Ai r exchanges @ 50Pa 8 30 4.5 7.42 4.58 
Flow @ 4Pa m3/hr 16770 9019 6133 3784 
Ai r exchanges @4 Pa 1 .3 0.9 1 .45 0.9 
Sou rce : Courtesy of ABT Pty Ltd. 
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Figure 3.8.5 (a) Fan pressurisation testing; and (b) sealed roof testing 
Source: Courtesy ABT Pty. Ltd. 
Duct leakage and heat loss 
(a ) 
{b) 
Simila r to enve lope ai r lea kage test ing is the leakage experienced by the 
mechan ical venti lat ion system duct ing throughout the building. Unfortunately, 
this leakag e is otten underestimated and can account for severe problems in 
cond ition ing distribution, cont ributi ng to significant energy losses . 
An exam ple where th is prob lem w as exam ined and re medied 1s 
shown here for an off ice bu ilding in Pa rramatta, Sydney, Austral ia (Figure 
3.8.6) . Thi s prepared the bui ldi ng fo r t he implementation of an opt imised 
HVAC control system. It is therefore important to note that retrofitt ing often 
depends upon the synerg istic effects of bui lding components and systems 
that support each other. 
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Figure 3.8.6 (al Air duct sealing; and (b) testing within an office building 
High efficiency HVAC control systems 
One of t he best mea ns of sav ing energy after the bu il ding fa bric has been 
properly designed is to optimise the condit ioning equipment and its contro l. 
The author has experienced (through measurement) that the traditional 
concept of mechanical condit ioning introduces forced turbulent air through 
soph isticated duct di ffusers. A new and empir ica lly proven method is to 
introduce conditioned ai r gently and as requi red through variab le speed drive 
fans and a regulated pressurisation of the space. This can be accomplished 
through a demand-controlled conditioning concept where the air quality (CO) 
is constantly measured alongside temperature, humidity and pressure 
diffe rent ial between t he inte rnal and external environment. Such a system 
was retrof itted on the existing Deak in University Cal lista Bu ilding office as 
provided by DEOS Australia. See the case study example in Chapter 4.10. 
This case study demonstrates a change from outdated conventional consta nt 
vol ume control and forced air systems. The measured C0 2 leve ls fo r t his 
occupa nt-packed office have been lim ited to 650 ppm wh ile providing a 
constant conditioned external fresh air distribution. Al l of this has been 
accomplished with a remarkable 70 per cent energy reduction in mechanical 
conditioning. 
Shading systems 
The previous commercial office space experienced an over-heating problem 
fo r its east-fac ing fac;:ade, as shown in Fi gure 3. 8.7. He re , exte rnal thermal 
imaging indicates that interior air conditioning for the top f loor office space 
compensates the tremendous heat gain, identified by the lower over-heated 
levels. Note, in this case, the lower two levels belong to a different tenant 
and w ere not in opera t ion on t his pa rt icula r day. 
A simple low cost solut ion, recent ly measured and tested , is 
provided by a lightweight m icro screen shade (fabricated by Geelong Glass & 
Aluminium) as shown in Figure 3.8.8. Here between 75-90 per cent of the 
direct sola r gain is blocked out, before the solar beam comes in contact w ith 
and is transmitted through the glass. As can be seen here , the shad ing 
solu t ion also provides excel lent visual benefits and glare reduct ion. 
A measured result, during a peak hour of incident solar gain at 
700 W/m 2, yields an internal energy load of 45 kW for the entire east fac;:ade 
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Figure 3.8.8 Images of (a) an external 'test' screen; (b) with an internal view comparison 
Figure 3.8.7 
Thermal imaging of 
an external fagade 
w ithout the shadi ng_ This externa l load is reduced to 7 kW by the proposed 
screen. As a result, a tremendous reduction in capital conditioning equip-
ment, energy savi ngs and increased occupa nt comfort can al l be achi eved, 
w ithin a low cost (2-3-yea r payback) solut ion. In fact, had the orig inal design 
strategy implemented this design featu re, it would have reduced the initia l 
capita l expenditure on the mechanica l equipment immediately and pa id for 
itse lf. For this offi ce build ing, the focus is on the energy and the rmal perform-
ance of the fac;ade. These and other strategies all need to be evaluated in 
the context of a payback period including a li fe cycl e assessment_ 
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Glass fa~ade improvements 
Glazing systems can offer t remendous energy-saving opportunities to build-
ings. Often the problem with existing buildings (as w ith the previous project) 
is that they are not glazed properly w ith double insu lated units. Here t he 
glass type, its properties and cavity gas f ill can make the difference betw een 
energy savings and occupant comfort seated next to the fac;;ade. Recently, a 
manufactured edge-sea li ng product has allowed the insta llat ion of double 
glazed (IG units) to be installed from the build ing interior. This is an ideal 
soluti on to the single glazed multi-storeyed commercial office bui ldings 
throughout the world. For th e previous building, two different t riple glazed 
solutions were tested against the existing single pane un it and the previously 
presented shade screen. Again, the case study in Chapter 4.10 illustrates the 
outcomes of various glazing an d shading types for thi s project Note t hat 
several levels of incident solar radiation (perpendicu lar external measure-
ment) are charted . It is interesti ng to note that the shaded glass still out-
performs the best tr iple glazed unit by over 50 per cent. However, it must be 
understood t hat there are other features of performa nce such as heat loss 
(insu lat ion) and noise reduction that IG glazing solut ions can offe r. 
Daylight integration and control 
Too often one of the largest and often simplest energy saving strategies is 
overlooked. We forget to introduce the possibility of daylight control and 
lighting optimisation into our designs. The lighting energy sector alone can 
account for up to 40 per cent of the building energy total . 
We are looking for the optimisat ion of daylight in our bui ldings. In 
doing so, our lighting systems need to be responsive to existing and 
enhanced dayl ight integration w ithin the fai;:ade as w ell as skylight systems. 
The distribution of light, over room surfaces, not necessarily the lux level at 
the task, is one of the most important factors of perceived lighting. These 
principles are applied with the di rect-indirect lighting distribution curves and 
f itting in the example of Figure 3.8.9. 
In add ition to the correct choice of luminaire, for best energy input 
to light output. the luminaries themselves must be contro lled with reference 
to occupancy, minimum OH&S requirements , and inversely dimmed in 
reference to the available daylight . This will create the maximum benefit of 
the lighting output with the least possible consumption of electricity, and also 
improve the life span of the lamps and associated infrastructure. The 
presented artificial light ing system he re is enhanced by the daylight guid ing 
shading system provided at the clerestory portion of the fac;;ade (see Figure 
3.8.10). 
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Figure 3.8.10 (a) Clerestory daylight distribution; 
(b) with ceiling luminance image 
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Figure 3.8.9 (a) Light intensity 
distribution curve; (b) with fixture 
installed 
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CONCLUSION 
In summary, severa l measurements from a bui lding diagnostic toolkit have 
been presented. Hopefully, the resu lts speak for themselves . on the impor-
ta nce of measurement and analysis to understandi ng the significance of 
bioc limatic performance. In many cases, the findings show that an over-
heated building can be avoided through improved design and smart choices 
of materials as w ell as construction detailing . W hat has been demonstrated 
is the importance of measurement and how easily our designs can miss the 
opportunity of better performance standards . More important, is the proof 
that measurement provides as demonstrated in severa l of the previous 
cases . It is too easy to bypass and appreciate that such in situ measurement 
experience has perm itted a reduction in risk tak ing when bioclimat1c sus-
tainable solutions into build ings are introduced 
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